The drug delivery vehicle 2-hydroxypropyl-␤-cyclodextrin (HP␤CD) prevents cholesterol storage. Results: HP␤CD treatment induces TFEB mediated activation of autophagy and clearance of the autophagic substrate ceroid lipopigment. Conclusion: HP␤CD administration results in enhancement of the innate autophagic clearance capacity. Significance: Dissecting the cellular pathways impacted by HP␤CD is crucial to design HP␤CD-based therapeutic modalities.
Cyclodextrins (CDs) 3 comprise a family of cyclic oligosaccharides manufactured from starch degradation and used in a number of pharmaceutical applications. The three-dimensional ring-like structure of CDs presents unique chemical properties. Because of the large number of hydroxyl groups, CDs are water-soluble. In addition, they present hydrophilic exteriors, which can be easily manipulated to disrupt hydrogen bonding and increase water solubility, and apolar interiors, which create a hydrophobic microenvironment in their cavity. Most pharmaceutical applications of CDs are based on this dual structural nature and rely on the incorporation of lipophilic molecules in CD complexes in aqueous media (1) . Particularly, 2-hydroxypropyl-␤-cyclodextrin (HP␤CD) is a Food and Drug Administration-approved drug delivery vehicle used in a variety of pharmaceutical applications (2) .
The recent serendipitous finding that HP␤CD alone could increase the life span of a mouse model of the cholesterol storage disorder (3, 4) , Niemann-Pick type C disease (5, 6) , raised significant questions regarding the inert nature of HP␤CD. It was previously demonstrated that HP␤CD can extract excess cholesterol from biological membranes by trapping it into its hydrophobic core (7, 8) . This interaction provided a mechanistic hypothesis for the observed HP␤CD-mediated clearance of cholesterol in the brain of Niemann-Pick type C mice and in fibroblasts derived from Niemann-Pick type C patients (3, 9 -11) . Not surprisingly, these findings have paved the way for a new therapeutic avenue for Niemann-Pick type C, culminating in the recently approved clinical trial in which HP␤CD is the active agent (clinicaltrials.gov).
The dissection of the cellular pathways impacted by the administration of HP␤CD, however, is still in its early infancy. Recent findings demonstrated that depletion of cholesterol using HP␤CD triggers activation of autophagy, an important lysosomal pathway involved in cellular clearance (12) . However, the molecular mechanisms that regulate activation of autophagy observed upon HP␤CD treatment remain unclear. Moreover, whether HP␤CD treatment may lead to depletion of additional cellular substrates that are normally cleared by autophagy is not known.
Autophagy is an evolutionarily conserved and highly regulated catabolic pathway that mediates bulk degradation of long-lived proteins, macromolecules, and organelles (13) , thus providing an important survival mechanism to supply energy resources under nutrient deprivation (14 -16) . A number of studies have described the role of autophagy in the disposal of toxic cellular material (17) , such as protein and proteolipid aggregates (18, 19) , as well as in the defense against bacterial infections (20 -22) . Deregulation of autophagy in cancer progression and cell death is also a subject of intense investigation (23) (24) (25) (26) . Together, these findings reveal that autophagy is a key hub in the regulation of cell metabolism and that modulation of autophagy is likely to play a critical role in the treatment of a number of pathological conditions. Excessive activation of autophagic clearance, however, may also induce activation of cell death mechanisms (27, 28) . Interestingly, several genes involved in autophagy and apoptosis are co-regulated (29, 30) , suggesting that in addition to a pro-survival function, autophagy may also have a pro-death role. Although the molecular mechanism underlying activation of autophagy-associated apoptosis remains a subject of intense debate (31) , a detailed characterization of the cellular response associated with HP␤CD-mediated autophagy activation, including its relationship with cell death mechanisms, is critically needed to develop improved guidelines for using HP␤CD in commercial products and therapeutic applications.
Autophagy initiates upon formation of autophagosomes, which are vesicles that sequester cytoplasmic material to be degraded, proceeds through the fusion of autophagosomes with lysosomes, which are organelles that contain a battery of hydrolytic enzymes capable of degrading any type of biomolecules, and culminates with the formation of autophagolysosomes, where degradation takes place (32) . Evidence of integrated and co-regulated roles of lysosomes and autophagosomes emerged from the recent discovery of an overarching lysosomal regulatory gene network (CLEAR, Coordinated Lysosomal Expression and Regulation) and its master regulator, the transcription factor EB (TFEB). TFEB regulates the expression of genes encoding lysosomal proteins (33, 34) , the processing of lysosomal proteins (35) , and the expression of autophagy genes (36) . This evidence points to the role of TFEB at the crossroad of the regulatory mechanisms that coordinates the autophagy and lysosomal pathways and, importantly, to the function of TFEB as a regulator of autophagic clearance (37, 38) .
Inefficient autophagic activity has been linked to the development of a number of diseases characterized by aberrant accumulation of intracellular substrates. Neuronal ceroid lipofuscinoses (NCLs) are a group of more than 12 genetically distinct neurodegenerative lysosomal storage disorders affecting children and young adults (39, 40) . The hallmark of NCLs is the aberrant intracellular accumulation of autofluorescent ceroid lipopigments due to mutations in genes encoding proteins involved in lysosomal biogenesis and function (41) . NCL patient-derived cell lines exhibit slowed growth and increased propensity to undergo apoptosis (42) . Interestingly, TFEB activation was shown to lower the accumulation of ceroid lipopigments in fibroblasts derived from a patient with juvenile NCL (43) , suggesting a potential role of TFEB as a therapeutic target for the treatment of NCLs.
Because of the similarities between the biological effects of HP␤CD administration and TFEB activation, including the ability to activate autophagy and promote cellular clearance, we hypothesized that TFEB mediates activation of autophagy observed upon HP␤CD administration. In this study we investigated this hypothesis by testing the molecular mechanism of autophagy induction activated in response to cell treatment with HP␤CD using an in vitro model system of TFEB activation, namely HeLa cells that overexpress TFEB (33) . To investigate whether HP␤CD treatment induces enhancement of autophagy-mediated clearance and whether enhancement of autophagic activity is accompanied by activation of apoptosis, we used fibroblasts derived from a patient with late infantile neuronal ceroid lipofuscinosis (LINCL). LINCL cells were used in this study because (i) they provide an in vitro model system of lysosomal storage that allows evaluating whether autophagy activation parallels enhanced clearance of storage material, and (ii) they are prone to activation of cell death pathways and thus enable detecting even basal activation of autophagy associated cell death. We found that HP␤CD administration results in the activation of TFEB and up-regulation of genes involved in the lysosome-autophagy system. We observed dramatic reduction in autofluorescent ceroid lipopigment in LINCL fibroblasts treated with HP␤CD. Our mechanistic studies reveal that TFEB activation mediates the observed clearance of autofluorescent material. We also found that activation of autophagy observed upon HP␤CD administration, under conditions that result in activation of TFEB and clearance of autophagic material, is not associated with activation of apoptosis. In summary, this study demonstrates that HP␤CD treatment results in enhancement of the cellular autophagic capacity and that this response is mediated by TFEB. These findings unveil the molecular pathway involved in the cellular response to HP␤CD treatment and establish HP␤CD as a platform technology to develop nanotherapeutics for the treatment of diseases characterized by accumulation of lysosomal storage material.
EXPERIMENTAL PROCEDURES
Reagents and Cell Cultures-2-Hydroxypropyl-␤-cyclodextrin was purchased from Sigma, sucrose was from Calbiochem, bafilomycin was from Cayman Chemical, and DAPI nuclear stain was from Enzo Life Sciences. Cell culture media were from Lonza. TFEB small interfering RNAs (siRNA; catalog #SI00094969) and control siRNA (catalog #1027280) were from Qiagen. pBABEpuro GFP-LC3 plasmid was from Addgene.
HeLa cells stably transfected for the expression of TFEB-3ϫFLAG were generated as previously described (33) . Fibroblasts derived from patients with LINCL were obtained from Coriell Cell Repositories. Direct sequencing of TPP1 coding sequences showed compound heterozygous variations: an Arg-208-to-Ter mutation and a G-to-C transversion of the consensus AG 3-prime splice acceptor site at exon 6, resulting in the retention of intron 5 in the spliced transcript. Cells were grown at 37°C in 5% CO 2 in minimal essential medium with Earle's salts supplemented with 10% heat-inactivated fetal bovine serum and 1% glutamine Pen-Strep. Medium was replaced every 2 or 3 days. Monolayers were passaged with TrypLE Express.
Enzymatic Assays-TPP1 activity assays were conducted as described previously (44) . Briefly, fibroblasts derived from a patient with LINCL and from a healthy individual were plated and cultured overnight at 37°C in 5% CO 2 . Cells were collected using TrypLE, washed with PBS, and incubated with lysis buffer (150 mM NaCl, 50 mM Tris, pH 8, 0.5% sodium deoxycholate, 1% Triton, 0.1% SDS) supplemented with 1% protease inhibitor for 1 h at 4°C. Lysed cells were centrifuged, and the supernatant was collected for activity assays. The protein concentration was measured using BCA assay, and TPP1 activity was assayed as previously described (44) using 3.5 g of total protein in the assay reaction.
Immunofluorescence Assays-Fibroblasts were seeded on glass coverslips, cultured in the presence of HP␤CD, and fixed with 4% paraformaldehyde for 30 min. Cells were permeabilized with 0.1% Triton X for 5 min and incubated with 8% BSA for 1 h. After incubation for 1 h with primary antibodies (rabbit anti-3ϫFLAG (Sigma), rabbit anti-LC3 (MBL International), mouse anti-LAMP2 (BioLegend), or mouse anti-TFEB (Abcam)), cells were washed 3 times with 0.1% Tween 20, PBS and incubated with secondary antibodies for 1 h (Dylight 549 goat anti-mouse IgG or Dylight 633 goat anti-rabbit IgG (KPL)). Images were obtained using an Olympus IX81 confocal microscope. Co-localization was conducted using Fluoview software. Co-localization heatmap images and image quantifications were obtained using NIH ImageJ analysis software.
Images were obtained using an Olympus IX81 confocal microscope under a fixed voltage and saturation for each channel. All images were subjected to a fixed threshold to remove background noise and were reported without changing intensity or contrast.
Quantitative RT-PCR-RT-PCR was conducted as described previously (45) . Briefly, cells were incubated with HP␤CD for 24 or 72 h before total RNA was extracted using RNA GEM™ reagent (ZyGEM). cDNA was synthesized from total RNA using qScript™ cDNA SuperMix (Quanta Biosciences). Total cDNA amount was measured using a NanoDrop 2000 (Thermo Scientific). Quantitative PCR reactions were performed using cDNA, PerfeCTa™ SYBR Green FastMix™ (Quanta Biosciences), and the corresponding primers (Table 1 and Refs. 33, 45, and 46) in a CFX96™ Real-Time PCR detection system (BioRad). Samples were heated for 2 min at 95°C and amplified in 45 cycles of 1 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Analyses were conducted using CFX manager software (Bio-Rad), and the threshold cycle (C T ) was extracted from the PCR amplification plot. The ⌬C T values were calculated to evaluate the difference between the C T of a target gene and the C T of the housekeeping gene, GAPDH, as follows: ⌬C T ϭ C T (target gene) Ϫ C T (GAPDH). The relative mRNA expression level of a target gene in treated cells was normalized to that measured in untreated cells: relative mRNA expression level ϭ 2 exp[Ϫ(⌬C T (treated cells) Ϫ ⌬C T (untreated cells))]. Each data point was evaluated in triplicate and measured three times.
Western Blot Analyses-Cells were lysed with the complete lysis-M buffer containing the protease inhibitor mixture (Roche Applied Science). Total protein concentrations were determined by Bradford assay, and each sample was diluted to the same protein concentration. Aliquots of cell lysates were separated by 15% SDS-PAGE gel, and Western blot analyses were performed using primary antibody (rabbit anti-LC3 (MBL) and rabbit anti-GAPDH (Santa Cruz Biotechnology)) and secondary antibody (HRP-conjugated goat anti-rabbit (Santa Cruz Biotechnology)). Blots were visualized using Luminata Forte Western HRP Substrate (Millipore) and quantified by NIH ImageJ analysis software.
Apoptosis Assays-CLN2 patient-derived cells were treated with HP␤CD or Taxol for 24 h at 37°C. Cells were collected and apoptosis-tested with the CytoGLO TM Annexin V-FITC Apoptosis Detection kit (IMGENEX) according to the manufacturer's instructions and analyzed by flow cytometry (FACSCanto TM II, BD Biosciences) with a 488-nm argon laser as previously described (47) .
Cell Transfections-10 5 cells in 2 ml of growth medium were seeded in each well of a 6-well plate. 6 l of jetPRIME™ reagent (Polyplus Transfection) was mixed with 0.6 g of the plasmid pBABEpuro GFP-LC3 to form transfection complexes. When cells reached 70 -80% confluency, transfection complexes were added to each well of the plate. After incubation for 20 h, the transfection medium was replaced with fresh medium containing HP␤CD.
siRNA Transfections-siRNA transfections were performed using HiPerFect transfection reagent as described in the manufacturer's manual (Qiagen). Briefly, each well of a 24-well plate was spotted with 75 ng of siRNA diluted in 18 l of RNase-free water. 4.5 l of HiPerFect reagent was resuspended in 145.5 l of culture medium without serum and was added to the prespotted siRNA. The mixture was incubated for 10 min at room temperature to allow formation of transfection complexes. 3 ϫ 10 4 cells in 1 ml of culture medium were seeded into each well on top of the transfection complexes and incubated for 2 days. Medium was replaced with fresh medium or medium containing HP␤CD. Ceroid lipopigment autofluorescence intensity level and relative mRNA expression levels of representative TFEB or autophagy genes were evaluated after 3 days of HP␤CD treatment.
Statistical Analyses-All data are presented as the mean Ϯ S.D., and statistical significance was calculated using oneway analysis of variance analysis followed by post-hoc Tukey's test. cytoplasm in resting cells and translocates into the nucleus upon activation under conditions of lysosomal stress (33) . Upon TFEB nuclear translocation, TFEB target genes are transcriptionally induced (33) . To investigate the role of TFEB in regulating autophagy activation upon HP␤CD treatment, we tested TFEB subcellular localization. Specifically, we monitored TFEB subcellular localization in a cellular model system of TFEB activation consisting of HeLa cells stably transfected with a TFEB-3ϫFLAG construct (HeLa/TFEB) (33) . Cells were cultured in presence of HP␤CD (0.1-10 mM; 24 h), and TFEB subcellular distribution was evaluated by confocal microscopy using DAPI nuclear staining and an anti-FLAG antibody (Fig. 1, A and B) . The results showed that, as expected, TFEB localizes predominantly in the cytoplasm of untreated HeLa/ TFEB cells. HP␤CD treatment, however, resulted in increased translocation of TFEB into the nucleus (Fig. 1, A and  B) . The extent of TFEB nuclear accumulation correlated with HP␤CD concentration, as it increased progressively in cells treated with HP␤CD ranging from 0.1 to 10 mM HP␤CD. Co-localization of TFEB and DAPI nuclear staining in cells treated with 1 mM HP␤CD was comparable with that observed in cells treated with sucrose under conditions (100 mM; 24 h) previously reported to result in maximum activation of TFEB (33) .
RESULTS

HP␤CD Treatment Promotes TFEB Activation-Previous studies demonstrated that TFEB localizes predominantly in the
To investigate whether nuclear translocation of TFEB observed in cells treated with HP␤CD results in activation of the CLEAR network, we tested the expression of representative genes of the CLEAR network that are involved in lysosomal function upon HP␤CD administration. HeLa/TFEB cells were treated with HP␤CD (1 mM), and the mRNA expression levels of TFEB targets were monitored by quantitative RT-PCR (Fig.  1C) . We observed significant up-regulation of TFEB targets, namely, GBA (glucocerebrosidase; 5.1-fold, p Ͻ 0.05), HEXA (hexosaminidase A; 2.7-fold, p Ͻ 0.05), and LAMP1 (Lysosomeassociated membrane glycoprotein 1; 3.5-fold, p Ͻ 0.05).
LC3 is a protein found on the membrane of autophagosomes (48) and widely used as a marker of autophagy activation (16) . To investigate whether HP␤CD treatment, under conditions that result in TFEB activation, induces activation of autophagy, we transfected HeLa/TFEB cells with a vector encoding the LC3 gene fused to GFP to facilitate visualization of LC3 structures. As expected, we observed a diffuse GFP signal in untreated cells, indicative of basal autophagic activity, and punctate GFP structures in cells treated with HP␤CD, indicative of the formation of autophagic vesicles ( Fig. 2A) . Activation of autophagy upon HP␤CD treatment was also confirmed by immunoblotting of LC3 isoforms. The increase in LC3-II in cells treated with HP␤CD compared with untreated cells suggests increased formation of autophagic vesicles (Fig. 2B) . The further increase in LC3-II levels observed in cells treated with HP␤CD in the presence of the autophagy inhibitor bafilomycin (100 nM), compared with cells treated only with HP␤CD (p Ͻ 0.01) and to cells treated only with bafilomycin (p Ͻ 0.05), is indicative of an increase of autophagic flux upon HP␤CD treatment. A timedependent analysis of LC3 conversion and consumption upon HP␤CD was also conducted to confirm up-regulation of autophagy. The ratio of LC3-II over LC3-I levels was observed to increase with time of cell exposure to HP␤CD ( Fig. 2C ; *, p Ͻ 
0.05). These results confirm that HP␤CD treatment induces activation of autophagy (49).
To further confirm that HP␤CD treatment mediates activation of autophagy, we tested the expression of genes involved in different steps of the autophagic pathway. Cells were treated with HP␤CD (1 mM), and mRNA levels were tested by quantitative RT-PCR (Fig. 2D) . We detected up-regulation of MAPLC3 (microtubule-associated light chain protein 3 (LC3); 4.8-fold, p Ͻ 0.01), which is essential for the formation of autophagic vesicles, SQSTM1 (p62; 2.1-fold, p Ͻ 0.01), which is essential for cargo recognition, and BECN1 (Beclin-1; 3.0-fold, p Ͻ 0.01), which is required for the formation of autophagosomes. Interestingly, MAPLC3B and SQSTM1 are known to be direct targets of TFEB (34, 36) . Taken together these results demonstrate that HP␤CD treatment results in activation of TFEB, transcriptional up-regulation of genes involved in the lysosome-autophagy system, and up-regulation of the autophagic flux.
HP␤CD Treatment Results in Clearance of
Ceroid Lipopigment in LINCL Fibroblasts-Previous studies associated autophagy activation with HP␤CD-induced cholesterol depletion in cultured human fibroblasts (12) . To investigate whether the link between HP␤CD-induced clearance and autophagy is specific for cholesterol storage or is a more general cellular response activated upon uptake of HP␤CD, we focused on a different model of lysosomal storage, namely neuronal ceroid lipofuscinoses (NCLs). Cells derived from NCL patients are characterized by accumulation of ceroid lipopigment, a lipofuscin-like autofluorescent material that is readily visible in microscopic analyses (41) . Specifically, we used fibroblasts derived from a patient with LINCL, a disease caused by deficiency of tripeptidyl peptidase (TPP1) activity. Previous studies showed that cells derived from patients with LINCL or other NCLs have an increased tendency to undergo apoptosis (42) . Thus, apoptosis-sensitive LINCL fibroblasts were selected for this study to investigate whether HP␤CD treatment affects autophagic clearance of ceroid lipofuscin and whether HP␤CD-induced modulation of autophagy also activates cell death mechanisms (see below). We used cells carrying two heterozygous compound mutations in the TTP1 gene: a missense mutation (Arg-208 3 Ter) and a splicing mutation resulting in the retention of intron 5 in the spliced transcript (50) . Enzymatic activity assays confirmed that this cell line has null TPP1 enzyme activity compared with fibroblasts derived from a non-affected individual (Fig. 3) .
To test the effects of HP␤CD treatment on the storage of the autofluorescent material in LINCL fibroblasts, we supplemented the culture medium with a range of HP␤CD concentrations and incubated the cells for 3 days. Confocal microscopy analyses showed that HP␤CD treatment resulted in clearance of ceroid lipopigment as observed by monitoring the loss of autofluorescence (Fig. 4, A and B) . Notably, ceroid lipopigment-associated autofluorescence decreased with increasing concentrations of HP␤CD, and maximum clearance occurred upon treatment with 1-10 mM HP␤CD (Fig. 4, A and B) , which was previously reported to activate autophagy (12) .
To test whether clearance of ceroid lipopigment parallels activation of TFEB in cells treated with HP␤CD, we evaluated TFEB subcellular localization in LINCL cells treated with a range of HP␤CD concentrations. Confocal microscopy analyses revealed that TFEB preferentially accumulates in the nucleus in LINCL fibroblasts treated with HP␤CD and that the extent of TFEB nuclear translocation increases with increasing concentrations of HP␤CD in the culture medium (Fig. 4A ). Partial nuclear translocation of TFEB was observed in untreated LINCL fibroblasts, as expected, due to storage-induced lysosomal stress (33) .
To confirm that the clearance of ceroid lipopigment in LINCL fibroblasts depends on HP␤CD treatment, we monitored autofluorescence in LINCL fibroblasts treated with a fixed concentration of HP␤CD (1 mM) for up to 7 days. Confocal microscopy analyses showed that both ceroid lipopigment clearance and TFEB nuclear translocation increased with increasing time of incubation with HP␤CD (Fig. 4C) .
To investigate whether the nuclear translocation of TFEB observed in LINCL fibroblasts treated with HP␤CD results in the activation of the CLEAR network, we measured the expression of representative genes of the CLEAR network upon HP␤CD administration. LINCL cells were treated with HP␤CD (1 mM), and the mRNA expression levels of TFEB targets were monitored by quantitative RT-PCR (Fig. 4D) . We found that HP␤CD treatment resulted in transcriptional up-regulation of all genes of the lysosomal system tested: GBA (2.7-fold; p Ͻ 0.01), HEXA (2.8-fold, p Ͻ 0.01), and LAMP1 (1.6-fold, p Ͻ 0.01). To test whether the autophagy system was also transcriptionally activated, we measured the mRNA expression levels of representative genes involved in different steps of the autophagy pathway as described above. We detected significant up-regulation of MAPLC3 (3.2-fold, p Ͻ 0.01), SQSTM1 (2.5-fold, p Ͻ 0.01), and BECN1 (2.5-fold, p Ͻ 0.01) (Fig. 4E) . Taken together, these results demonstrate that the reduced deposition of ceroid lipopigment observed upon HP␤CD administration parallels activation of TFEB and transcriptional up-regulation of genes involved in the lysosome-autophagy system. These results, therefore, suggest that the clearance of ceroid lipopigment correlates with the activation of TFEB.
TFEB Mediates the Autophagic Clearance Observed upon HP␤CD Treatment-To determine whether clearance of ceroid lipopigment observed in HP␤CD-treated LINCL fibroblasts depends on TFEB activation, we silenced TFEB expression using specific siRNA. We observed an increase in ceroid lipopigment accumulation in cells treated with TFEB siRNA compared with cells treated with a control siRNA (Fig. 5, A, top  panels, and B) , suggesting that TFEB is involved in the clearance of lipopigment deposits. TFEB silencing resulted in a 60% reduction in TFEB expression levels compared with cells transfected with a control siRNA, as evaluated by quantitative RT-PCR (Fig. 5C, solid yellow and solid blue bars) . Interestingly, the clearance of autofluorescent storage material upon HP␤CD treatment was decreased by TFEB silencing (Fig. 5, A, bottom  panels, and B) . The decrease in ceroid lipopigment storage observed upon administration of HP␤CD to TFEB-silenced cells was likely due to HP␤CD-mediated activation of residual TFEB that is present upon partial silencing of TFEB expression (Fig. 5C) . Accordingly, the residual amount of TFEB detected in silenced cells was found to localize preferentially in the cytoplasm in untreated cells and in the nucleus in cells treated with HP␤CD (Fig. 5A) .
To further investigate the effect of TFEB silencing in LINCL fibroblasts treated with HP␤CD, we also measured the expression of genes that encode proteins involved in the lysosomeautophagy system. LINCL fibroblasts were incubated with TFEB siRNA for 2 days and with HP␤CD for 3 additional days, and mRNA expression levels were measured by quantitative RT-PCR (Fig. 5C ). As mentioned above, TFEB silencing reduced TFEB transcription to 40% that measured in control LINCL cells. Interestingly, HP␤CD treatment resulted in a 6.9-fold increase (p Ͻ 0.01) in TFEB transcription in non-silenced LINCL cells. Similar results were obtained upon TFEB silenc- ing: HP␤CD treatment resulted in a 5.6-fold increase (p Ͻ 0.01) in TFEB transcription compared with untreated (silenced) cells, suggesting that administration of HP␤CD causes up-regulation of TFEB. Representative genes of the lysosomal system, GBA and HEXA, were found to be up-regulated in cells treated with HP␤CD and control siRNA (3.4-and 2.7-fold, respectively, confirming the results reported in Fig. 4D ; p Ͻ 0.01), down-regulated in cells treated with TFEB siRNA (0.65-and 0.6-fold, respectively; p Ͻ 0.01), and up-regulated in cells treated with TFEB siRNA and HP␤CD (1.7-and 1.4-fold, respectively; p Ͻ 0.01) compared with cells treated with control siRNA. The increase in expression levels of TFEB target genes observed in cells treated with HP␤CD in both control and silenced cells suggests that HP␤CD treatment has a dual effect and results in transcriptional up-regulation of TFEB as well as TFEB protein activation. In summary, we found that HP␤CD treatment causes an increase in expression of TFEB target genes that is subsequent to TFEB nuclear translocation, confirming that LINCL cells respond to HP␤CD treatment by activating TFEB and the CLEAR network.
To investigate the role of TFEB in the activation of autophagy observed upon HP␤CD treatment, we also measured the expression of representative genes involved in the autophagy pathway, namely MAPLC3B and BECN1. As observed for genes involved in lysosomal function, MAPLC3B and BECN1 were found to be up-regulated in LINCL fibroblasts treated with HP␤CD and control siRNA (2.4-and 3.2-fold; p Ͻ 0.01, respectively), down-regulated in cells treated with TFEB siRNA (0.5-fold; p Ͻ 0.01), and up-regulated in cells treated with TFEB siRNA and HP␤CD (1.6-and 1.3-fold; p Ͻ 0.01, respectively) compared with cells treated with control siRNA (Fig. 5C) .
Taken together these results demonstrate that HP␤CD treatment results in coordinated up-regulation of lysosome biogenesis and autophagy and enhanced clearance of autophagic material. Importantly, these data also demonstrate that TFEB plays a key role in mediating autophagy activation observed upon HP␤CD administration and that the up-regulation of genes involved in the lysosome-autophagy system and the reduction of ceroid lipopigment accumulation correlate with TFEB expression levels and parallel TFEB activation. C, confocal microscopy analysis of ceroid lipopigment (top, green) and TFEB (bottom, red) in LINCL fibroblasts treated with 1 mM HP␤CD for 1, 3, and 7 days and evaluated as described in a. D and E, relative mRNA expression levels of representative genes of the lysosome-autophagy system in LINCL fibroblasts treated with 1 mM HP␤CD for 3 days. GBA, HEXA, LAMP1, MAPLC3B, SQSTM1, and BECN1 mRNA expression levels were obtained as described in Fig. 1 (p Ͻ 0.01) .
HP␤CD Treatment Results in Activation of Autophagy with-
out Inducing Apoptosis-To investigate whether clearance of ceroid lipopigment in LINCL cells treated with HP␤CD depends on activation of autophagy, we analyzed the expression of LC3 by confocal microscopy. Endogenous LC3 was visualized as a diffuse cytoplasmic pool in untreated cells, but it appeared as punctate structures that primarily represent autophagosomes and autophagolysosomes (49) in cells treated with HP␤CD (1 mM, 3 days) . Interestingly, the increase in expression of LC3 and punctate appearance, indicative of an increase in autophagosome formation, paralleled a reduction in autofluorescence of storage material (Fig. 6A, left panels) .
To confirm that that clearance of ceroid lipopigment observed upon HP␤CD treatment depends on activation of autophagy, we treated LINCL fibroblasts with bafilomycin (100 nM). Bafilomycin, a specific inhibitor of vacuolar H ϩ ATPase (V-ATPase) that prevents fusion of autophagosomes with lysosomes, thereby impairing autophagic flux (51), did not result in a significant increase in lipopigment autofluorescence, confirming that LINCL cells have a defective autophagy (52) . However, lipopigment autofluorescence was partially reduced by the addition of HP␤CD (1 mM). HP␤CD treatment in cells cultured in the presence of bafilomycin was found not only to reduce accumulation of ceroid lipopigment but also to enhance the appearance of punctate LC3 structures compared with cells only treated with bafilomycin (Fig. 6A, right panels) .
Activation of autophagy upon treatment of LINCL cells with HP␤CD was also confirmed by immunoblotting of LC3 isoforms. HP␤CD treatment was observed to increase the amount of LC3-II, which is indicative of autophagy induction (Fig. 6B) . The increase in LC3-II levels observed in cells treated with HP␤CD in the presence of bafilomycin compared with cells treated only with HP␤CD confirmed that HP␤CD treatment results in an increase in autophagic flux.
To verify activation of the autophagic flux, we tested the extent to which HP␤CD treatment resulted in fusion of autophagosomes with lysosomes and subsequent formation of autophagolysosomes. To this end we evaluated the co-localization of LC3 with LAMP-2, a protein that resides on the lysosomal membrane. LINCL fibroblasts were treated with HP␤CD (1 mM), bafilomycin (100 nM), or a combination thereof for 3 days. Accumulation of ceroid lipopigment was evaluated under all conditions tested in this experiment by monitoring autofluorescence by confocal microscopy (Fig. 6B, first column) . The overlap of LC3 (Fig. 6B, second column) and LAMP-2 (Fig. 6B , third column) signals was evaluated using the ImageJ script Colocalization Colormap (Fig. 6B, fourth and fifth columns) . HP␤CD treatment resulted in enhanced formation of autophagolysosomes as indicated by the punctate LC3 appearance and by the hot colors in the co-localization heatmap. As expected, the formation of autophagolysosomes decreased in cells treated with bafilomycin and was partially restored upon the addition of HP␤CD. To confirm that the HP␤CD treatment of LINCL fibroblasts results in clearance of ceroid lipopigment specifically through the autophagy pathway, we silenced ATG7 expression using specific siRNAs. ATG7 is an essential autophagy gene required for basal as well starvation-induced autophagy (53) . We observed an increase in ceroid lipopigment accumulation in cells treated with ATG7 siRNA compared with cells treated with a control siRNA (Fig. 7, A, top panels, and B) , confirming that ATG7 is required for clearance of lipopigment deposits. Interestingly, ATG7 silencing decreased clearance of autofluorescent storage material even upon HP␤CD treatment (Fig. 7,   A, bottom panels, and B) . As expected, ATG7 silencing did not alter HP␤CD-induced activation of TFEB. These results suggest a model in which HP␤CD treatment results in TFEB-induced activation of the autophagy system, but blockage of downstream steps of the autophagic flux (e.g. blockage of ATG7 expression) prevents clearance of ceroid lipopigment.
Activation of the apoptotic pathway is often observed in association with excessive autophagic activity (27, 28) . To investigate whether administration of HP␤CD increases apoptosis under the conditions used in this study, we used LINCL fibroblasts, which present higher propensity to undergo apoptosis compared with wild type fibroblast (42) . We monitored induction of early and late apoptosis by measuring membrane rearrangement, characteristic of early apoptosis (annexin V binding), and membrane fragmentation, characteristic of late apoptosis (propidium iodide binding), using the Cyto-GLO TM annexin V-FITC apoptosis detection kit as previously described (47) . HP␤CD (0.1-10 mM, 3 days) did not cause significant changes in activation of early or late apoptosis compared with untreated cells (FITC binding affinity, p Ͻ 0.01; propidium iodide binding population, p Ͻ 0.01; respectively). Taxol (50 nM) was used as a positive control in this study because it is known to stabilize microtubules leading to cell cycle arrest and apoptosis induction (54) (Fig. 8) . These data suggest that LINCL fibroblasts respond to treatment with HP␤CD by activating the pro-survival autophagy pathway, which under the conditions used in this study results in extensive clearance of ceroid lipopigment deposits.
In summary, these results demonstrate that (i) HP␤CD treatment results in clearance of ceroid lipopigment deposits in a model of neuronal ceroid lipofuscinosis, (ii) clearance of ceroid lipopigment observed in cells treated with HP␤CD is dependent on the activation of the autophagy pathway, and (iii) induction of autophagy observed in cells treated with HP␤CD does not parallel activation of apoptosis.
DISCUSSION
Exposure to natural and anthropogenic nanosized particles induces activation of a series of compensatory mechanisms to maintain cellular homeostasis. Engineered nanomaterials are typically perceived by the cell as foreign or toxic, such as virus and pathogens (20 -22) , and may stimulate the reaction of cellular clearance mechanisms. In this study we investigated the autophagic response that is activated upon exposure to HP␤CD. We provide evidence for the first time that cell treatment with HP␤CD induces a series of adaptive changes mediated by TFEB and that culminate in enhancement of the innate cellular clearance capacity.
Although cyclodextrins were first described over a century ago and have been widely used for a variety of industrial and pharmaceutical applications, their potential use for applications beyond the solubilization and stabilization of small molecules was only recently recognized. It has long been known that cyclodextrins can trap cholesterol into their hydrophobic core (7, 8) . However, the molecular mechanism involved in HP␤CD-mediated reduction of cholesterol accumulation in cells is unclear. We report here that HP␤CD administration induces a series of adaptive changes in the lysosome-autophagy systems that are mediated by activation of TFEB, a master regulator of lysosomal biogenesis and autophagy. Importantly, we found that HP␤CD treatment results in TFEB-mediated clearance of ceroid lipopigment deposits in disease cells that have a defective lysosomal system. We propose a model in which cellular uptake of HP␤CD and accumulation into late endosomes and lysosomes (10, 55) results in activation of the cellular clearance response mediated by the autophagy pathway, which in turn results in degradation of the autophagic substrate ceroid lipopigment (Fig. 9) . Importantly, activation of autophagy observed upon HP␤CD administration, under conditions that result in activation of TFEB and clearance of autophagic material, is not associated with activation of apoptosis, suggesting that cells respond to HP␤CD treatment by activating the prosurvival autophagic pathway.
This study provides for the first time a detailed mechanistic understanding of the changes induced by HP␤CD administration on this important catabolic pathway, which plays a key role in the regulation of cellular metabolism with implications ranging from cell survival under nutrient deprivation to defense against virus and parasites infections. On the one hand, these results provide a solid mechanistic groundwork to reevaluate the use of HP␤CD as a drug delivery vector in conditions that may be negatively impacted by deregulation of lysosomal pathways and autophagy. On the other hand, our findings will extend the capability of designing therapeutic solutions based on the use of HP␤CD for the treatment of diseases characterized by inefficient autophagic clearance and accumulation of storage material.
It was recently appreciated that impairment or deregulation of autophagy is linked to the development and progression of a number of human diseases ranging from neurodegenerative diseases to cancer. For instance, the accumulation of lysosomal substrates typically observed in affected cells from patients with lysosomal storage disorders was shown to impair fusion of lysosomes with autophagosomes and, ultimately, lower the autophagic clearance capacity (56) . Generally speaking, lysosomal storage disorders include more than 50 inherited metabolic diseases caused by defective lysosomal functions and consequent accumulation of metabolites, such as lipids and glycoproteins (57) . Among lysosomal storage disorders, NCLs are among the most devastating inherited disorders of childhood and the most common cause of neurodegeneration in children in the United States. In light of these findings, it is important to reevaluate the design of therapeutic strategies based on the use of HP␤CD as the drug delivery vehicle or as the active agent.
